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Zero resistance, diamagnetism (Meissner effect) and the energy gap in the excitation spectrum are the 
fundamental attributes of superconductivity. In nanoparticles with characteristic size ~ 10 nm 
superconductivity is suppressed by the quantization of the electron energy spectrum1. In narrow 
quasi-1D superconducting channels thermal fluctuations enable zero resistance only at temperatures 
noticeably below the critical temperature Tc 2 , 3 , while quantum fluctuations  suppress the 
dissipationless electric current in ultra-narrow superconducting nanowires even at temperatures T0 
4,5,6,7,8. Here we demonstrate that the same essentially nanoscale phenomenon – quantum fluctuations – 
is responsible for quenching diamagnetism in superconducting nanorings dramatically affecting the 
magnitude, the period and the shape of the circulating persistent currents (PCs). The effect is of 
fundamental importance for our understanding of the behavior of a quantum coherent system at 
nanoscales; and should be taken in consideration in various nanoscience applications. 
 
 It is a text-book knowledge that superconductivity is a collective phenomenon. Hence, one may ask a 
reasonable question: What should be the minimal dimension of a system to sustain the “collective” behavior? 
The answer depends on the particular system and the superconducting feature under discussion. In 
nanograins with diameter of about 10 nm 1 superconductivity is excluded when the size-dependent quantized 
energy level spacing  is comparable to the superconducting gap . Finite resistance at T<<Tc is observed 
in superconducting nanowires with diameter ≤ 15 nm 4,5,6,7  enabling a certain rate of quantum fluctuations 8.  
When a bulk superconductor is exposed to an external magnetic field the PCs at the surface repel the 
magnetic field contributing to the perfect diamagnetism. However, straightforward magnetization 
measurements of superconducting particles with dimensions smaller than the field penetration depth  (for 
conventional superconductors of about 50 nm) provide extremely weak signal due to the negligible magnetic 
field repulsion from the bulk. Magnetization experiments on tin nanospheres down to ~80 nm10; indium, 
lead and aluminium nanoparticles down to ~ 10 nm11,12 were not conclusive to state any size-dependent 
suppression of the PCs responsible for the diamagnetism.  
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The objective of this work was to study the size dependence of the PCs circulating in tiny 
superconducting rings using not magnetization, but extremely sensitive solid state tunneling technique.  
Application of an external magnetic field to a coherent non-single-connected system (e.g. superconducting 
ring) results in periodic oscillations of the PCs. The early experiments on relatively massive 
superconducting cylinders revealed the clear quantization of the magnetic momentum13,14 with the period 
equal to the flux quantum 0=h/2e. Later experiments on superconducting microrings at temperatures 
significantly below the critical one15,16,17,18 revealed PC oscillations with much higher periods equal to the 
integer multiples of the flux quantum  / 0 = n ~ 70.  
The allowed energy levels En of a thin-walled superconducting ring in perpendicular magnetic field 
are given by the set of parabolas (Fig. 1a). If the system always relaxes to the ground state, the evolution of 
the energy in magnetic field is represented in Fig. 1a by the thick solid line resulting in periodicity strictly 
equal to one flux quantum:  = 0. That is the typical case in experiments at temperatures not much below 
the critical one13,14,19 or in systems containing weak links – e.g. SQUIDs. The corresponding dependence of 
the PCs on magnetic flux Is ~ dEn/d follows the well-known saw-tooth pattern with the single flux quantum 
periodicity (Fig. 1b, thick solid line). However, at temperatures T<<Tc the system can be “frozen” in a 
metastable state n without relaxing to the neighboring quantum level n±1. The ultimate requirement for the 
transition to another quantum state is that the circulating PC reaches its critical value Ic (Fig. 1b, horizontal 
line). It can be shown16,20 that the corresponding period of PC oscillations  /0 ~ S /where is the 
superconducting coherence length. Hence, if (i) the temperature is low enough to enable metastable state 
formation, and (ii) the circumference of the loop is large S>>one should observe periodicity  / 0 ~ S / 
in a full accordance with the experiments15,16,17,18  
 With the rapid development of nanotechnology  it was found 4,5,6,7,8 that in superconducting 
nanowires with the effective diameter ≤ 15 nm the quantum fluctuations of the order parameter, also called 
quantum phase slips, suppress dissipationless supercurrent leading to experimentally observable finite 
resistance at temperatures T<<Tc.  When a thin-walled superconducting nanoring is exposed to an external 
magnetic field the same effect – quantum fluctuations – should lead to a qualitatively new effect21: the gap 
opens in the energy spectrum and the PC saw-tooth pattern degenerates into a smooth sine-type dependence 
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(Fig. 1, dotted lines). So far theoretical prediction21 has not been confirmed experimentally. Remarkably, for 
the given wire cross section forming the ring the magnitude of the PC oscillations depends exponentially on 
the diameter of the loop IPC ~ exp (-R/Rc) with the critical radius Rc of few micrometers21,8. Recovering the 
above discussion about the high-periodic oscillations of PC, one can predict that in a superconducting 
nanorings with fixed circumference <<S~2Rc the reduction of the wire cross section should result not 
only in changes of the magnitude and the shape of the PC oscillations21, but also their period should drop 
from values  / 0 ~ S / down to / 0 = 1.   
 To test these hypotheses we fabricated all-aluminium superconducting tunnel structures with the 
central electrode in the shape of a loop (Fig. 2) and utilized the tunnel spectroscopy method to probe the PCs 
18,20. In zero magnetic field all samples demonstrated conventional I-V dependencies (Fig. 3, inset). Then the 
bias voltage was fixed below the quadruple energy gap V ≤ 4eand the perpendicular magnetic field was 
applied. In the originally “thick” structures the tunnel current IT showed pronounced saw-tooth oscillations 
(Figs. 3 and 4) with the “large” period  / 0  > 1in a fullagreement with the earlier findings18,20. We used 
ion beam etching to progressively and non-destructively reduce the cross section  of the wire forming the 
loop22,23. The approach enables tracing the evolution of a size phenomenon on a same nanostructure without 
introducing uncertainties coming from uniqueness of samples fabricated in different technological runs. No 
degradation of the shape of the I-V characteristics in zero field was observed with the reduction of the wire 
cross section (Fig. 3, inset). Slight increase of the tunnel resistance at eV > 4 can be attributed to shrinking 
of the tunnel contact area while sputtering or/and ion beam stimulated annealing of the junction itself 22. 
Contrary to the I-Vs, the pattern of the PC oscillations in magnetic field exhibit dramatic changes with 
reduction of the cross section σ of the wire forming the loop. First, the magnitude of the oscillations at a 
given voltage bias IT ( V=const) goes down (Fig. 3). Second, the period of the oscillations decreases. For 
example, in the samples with the loop circumference S= 19 m the period gradually drops from  / 0  = 6 
down to 1 (Fig. 4). And, finally, the shape of the oscillations changes: from pronounced saw-tooth-type to 
quasi-sine-type (Fig. 4). With further reduction of the wire cross section σ any traces of the IT() 
oscillations disappear: either the loop trivially breaks, or the quantum fluctuations suppress the magnitude of 
5 
 
the PC oscillations down to the level making experimental observation impossible.   Qualitatively similar 
results were obtained on several structures with two different sizes of the loop. 
 All structures were subjected to an extensive AFM/SEM analysis. Only those samples which 
contained no obvious structural imperfections or other sorts of weak links were processed. According to our 
earlier experiments with ultra-narrow aluminium nanowires with diameters down to ~ 8 nm6,7,23 , the low 
energetic Ar+ ion beam sputtering provides smoothening of the surface “healing” the inevitable 
imperfections. It is very improbable that the ion beam treatment can introduce structural inhomogeneities or 
reveal initially hidden ones, which cannot be detected by SEM or AFM. In the studied structures with the 
effective wire diameters from ~30 nm to ~70 nm the existence of short constrictions (notches) can be ruled 
out completely (Figs. 2b and 2c). Additionally, the unique property of aluminium nanowires - the increase of 
the critical temperature with reduction of the diameter6,7,24,25 - makes the hypothetical constrictions not 
effective weak links. Similar results obtained on several sets of samples do not favor the “constriction” 
scenario, which should be a unique property of each individual structure. Particularly, the gradual reduction 
of the IT () oscillation period with the virtually constant base line (Figs. 3 and 4) would be difficult to 
explain. Resuming, with a high level of confidence we may state that the trivial explanation of our 
observations by formation of a SQUID-type structure (loop with a weak link) is not credible. On the 
contrary, the depicted quantum fluctuation scenario21,8 qualitatively explains our findings. As the probability 
of the quantum phase slip exponentially depends on the wire cross section in real (not perfectly uniform) 
structures the dominating contribution comes from the thinnest parts24,7. The observation can complicate the 
quantitative comparison with theory21,8, but cannot change the main conclusion of the work: in 
superconducting rings the quantum fluctuations suppress the metastable quantum states gradually reducing 
the magnitude and the period of PC oscillations. 
 The quenching of PCs in ultra-narrow rings is yet another manifestation of the quantum fluctuations 
in superconductors. Additionally to the already observed quenching of superconductivity in small grains1,9 
and the destruction of the zero resistance state in ultra-narrow 1D channels4,5,6,7, in this work we show that 
the quantum fluctuations are responsible for suppression of diamagnetism in superconducting nano-sized 
systems. Apart from the basic science importance, the discovery is crucial for numerous applications setting 
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the fundamental limitations on miniaturization of superconducting components. Besides this pessimistic 
consequence, utilization of the quantum fluctuation phenomenon is expected to result in building of a new 
class of devices: quantum standard of electric current26 and q-bit27. 
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Methods. 
Lift-off electron beam lithography (EBL) technique was used to fabricate the tunnel structures. The 
samples consist of the ellipse shaped ring (Al) contacted by two electrodes (Al) on the opposite sides of the 
loop through tunnel junctions (Fig. 2). The oval shape of the central electrode was selected to eliminate 
parasitic overlapping shadows emerging in two-angle metal evaporation process. The tunnel barriers 
between the layers was created by controlled oxidation of the first 80 nm thick aluminium layer (the contacts) 
before evaporating the second 85 nm thick layer (the loop). 
The samples were studied as a function of the cross section of the wire forming the ring. The 
reduction of the cross section was realized by the low energetic ion beam sputtering. Utilization of Ar+ ions 
at acceleration voltages ≤ 1 keV can be considered as virtually introducing no defects22,23 with the ion 
penetration depth of the order of the thickness of the naturally grown oxide (about 3 nm in Al). Additionally, 
the sputtering provides a polishing effect healing the inevitable surface imperfections of the lift-off 
fabricated nanostructures23. 
The dimensions of the fabricated samples were measured with atomic force (AFM) and scanning 
electron (SEM) microscopes. However the AFM/SEM study after each sputtering would pose a too high 
threat of damaging the extremely fragile structures. In practice, the AFM/SEM measurements were taken 
after the first (high dose) sputtering step and finally at the end of the last measuring session (typically when 
the structure is already damaged). The sample dimensions at the intermediate steps were defined by 
interpolation of the known initial and final AFM/SEM data. The method results in high relative errors in 
determination of the cross section of the line forming the loop. However, according to our previous studies 
of aluminium nanowires6,7, enabling independent determination of their cross section by measurement of the 
resistance, after multiple ion beam sputterings the typical surface inhomogeneity is about ± 3 nm. Hence, the 
large errors in Figs. 3 and 4 should be considered as the uncertainty in defining the effective mean value, 
and not the variation of the line cross section for the given sample. 
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After each step of reducing the cross section the samples were cooled down to temperatures below 
100 mK using He3/He4 dilution refrigerator. The measurements were performed in an electromagnetically 
shielded environment using battery powered front-end amplifiers. The tunnel current over the whole 
structure was measured as a function of the perpendicular magnetic field intensity at several chosen constant 
bias voltages (Fig. 2a). The magnetic field sweeps (covering typically 5 to 10 periods of the oscillations) 
ranged from few minutes up to several hours. At temperatures below ~500 mK the data is quantitatively 
indistinguishable. Time-dependent ‘jumps’ of the tunnel current at a fixed voltage bias and fixed magnetic 
field are observed only above that temperature. The majority of the presented data has been collected at 
T≈50 mK, where no sweep rate dependent effects were observed 
The effective area of the loop electrode calculated from the periodicity was found to vary from a cool 
down to another one less than 0.5 %, which is of the same order as within a single measurement session. The 
difference between the calculated effective area and the one measured from SEM/AFM analysis was found 
to be also about 0.5 %. The error in defining the magnetic field at the sample due to misalignment of the coil 
was estimated to be about 0.05 %, hence being smaller than the above indicated uncertainties. 
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Figure legends. 
Fig. 1. Dependence of the energy E and persistent current IS on magnetic flux. (a) Quantized energy 
spectrum En of a thin-walled superconducting ring in external magnetic flux Φ normalized by the flux 
quantum 0=h/2e. Solid line corresponds to the evolution of the system following the ground state, dashed 
line – metastable states, and the dotted line – energy levels in the limit of strong quantum fluctuations. (b) 
Corresponding dependence of the persistent current Is. Horizontal dashed line corresponds to the critical 
current Ic setting the ultimate limit for the magnitude of the persistent currents circulating in the loop. 
 
Fig. 2. Microscope images of the structures. (a) SEM image of the double junction all-
aluminium SISIS tunnel structure; and schematics of the electric measurements. (b) AFM image of a typical 
structure just after fabrication. (c) AFM image of the same structure after ion treatment. One can clearly see 
the reduction of the cross section of the wire forming the loop and polishing of the surface. The histograms 
analyzing the distribution of the cross sections of the loops are plotted in the insets. Note that in both cases 
the lowest cross section is well-defined and is finite indicating the absence of narrow constrictions. 
 
Fig. 3. Oscillations of the tunnel current IT in external magnetic flux Φ normalized by the flux 
quantum 0=h/2e. Variation of the tunnel current (~ persistent current in the ring) in magnetic field 
measured on the same nanostructure with progressively reduced cross section σ of the wire forming the loop. 
One can clearly see both the reduction of the magnitude and the period of the oscillations. Arrows indicate 
the directions of the magnetic field sweeps. The long-period oscillation at the beginning of the magnetic 
field sweep corresponds to the evolution of the system within the energy level with the same quantum 
number. Magnetic field sweep time was about half an hour. Inset: zero field I-V characteristics of the 
samples depicted in the main panel. Arrow indicate the voltage bias V=0.608 mV at which the magnetic 
field sweeps were taken. Measurements were made at T = 62 ± 5 mK and T = 54 ± 5 mK for the bottom and 
the top I-V’s referred to the V = 1 mV point. 
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Fig. 4. Evolution of the tunnel current IT oscillations in external magnetic flux Φ normalized by the 
flux quantum 0=h/2e. Tunnel current oscillations measured on samples with the same circumference of the 
loop S =19 μm but with different effective diameters of the wire forming the loop σ1/2 : (□) 70 ± 35 nm, T = 
93 ± 5 mK; (○) 55 ± 27 nm, T=93 ± 5 mK ;(∆) 60 ± 33 nm, T = 62 ± 5 mK; (●) 35 ± 25 nm, T=54 ± 5 mK. 
For details in determination of the wire cross section σ see the “Methods”. One can clearly see the reduction 
of the period of oscillations and the degeneration of the saw-tooth shape into the sine-type pattern for the 
thinnest sample. Vertical bars indicate the scales. As the magnetic field sweeps were taken at slightly 
different bias points, the reduction of the magnitude of the oscillations is less obvious compared to Fig. 3. 
Arrows show the directions of the magnetic field sweeps each taken on a time scale about half an hour. 
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Supplementary information. 
Probability of quantum fluctuations in a quasi-1D channel exponentially depends on the cross 
section σ [8]. Hence, the homogeneity of studied structures is a crucial point in interpretation of the 
experimental data. Existence of inevitable geometrical imperfections in real samples should favor 
quantum phase slippage in these “weaker” sections.  This observation complicates quantitative 
comparison with theory, while should not alter the main message – quantum fluctuations do govern the 
behavior of quasi-1D superconducting systems. In case of resistance measurements of the ultra-narrow 
nanowires [4-7], reasonable agreement with theory can be achieved just by substitution in the 
corresponding expressions the effective sample cross section, slightly smaller than the average 
geometric one.  
In case of nanorings studied in the present work, existence of hypothetical weak links in the 
loop brings additional complicity to the interpretation of the experiment. If the weak link is “weak” 
enough, then it can act as a Josephson junction. If the case, the system can be considered as a SQUID-
type structure giving rise to the corresponding periodicity ΔΦ/0=1 being a well-known effect. To test 
the behavior of such a system, in the same technological run we fabricated two structures, similar to 
the studied in the main part of the text: one with homogeneous ring-shaped central electrode, another – 
with the same dimensions, but containing a short and narrow constriction (notch) in the loop. The ratio 
of the line width in the constriction and in the rest of the loop was about 1:3. Oscillations of the tunnel 
current in magnetic field were studied in both structures. As expected, the homogeneous sample 
showed the high-periodic (ΔΦ/0=6) saw-tooth oscillations with the almost constant base line 
(Supplementary Fig-1). While in the structure with the notch noisy ΔΦ/0=1 periodicity superimposed 
on the non-monotonous envelope dependence with no traces of a regular saw-tooth ΔΦ/0=6/3=2 
oscillations were detected (Supplementary Fig-2).  We cannot exclude completely that the shape and 
the periodicity of oscillations in this notch-containing structure is also governed by the quantum 
fluctuations. However, compared to the “regular” saw-tooth pattern in the homogeneous sample, the 
noisy and non-monotonous IT(Φ) dependencies in the second sample suggest that other phenomena 
(e.g. Josephson effect and the corresponding SQUID-type physics) might contribute to the behavior of 
the system with the constriction.  
Coming back to the data presented in the main part of the paper, we can conclude that the 
gradual  reduction of the magnitude and the period of IT(Φ) oscillations with the reduction of the wire 
cross section (Figs. 3 and 4) cannot be explained by the Josephson effect in the hypothetical weak 
link(s) of the loop-shaped electrode. As it has been clearly written in the main text, only the structures 
containing no obvious geometrical imperfections were studied.  According to our previous 
experiments with aluminium nanowires down to diameters ~ 8 nm [6,7,24],  due to the re-deposition of 
the sputtered material, short constrictions (and bumps) are effectively removed by the low energetic 
ion beam treatment. Only extended (and “smooth”) variations of the line cross section remain. The 
unique property of aluminium nanostructures – increase of the critical temperature with reduction of 
the characteristic dimension [6,7,24,25] – makes these thinner parts not effective weak links. The 
segments of the loop with smaller cross section may serve as regions with higher probability of the 
phase slippage, but not as Josephson-type weak links.  
Experiments with real (= not ideal) samples always contain an option for a critically-oriented 
reader to assign any effect to hypothetical imperfections (weak links, contact phenomena, boundary, 
etc.) and the corresponding “well-known” physics. In this work we paid special attention to the 
uniformity of the samples, and the persistent currents were probed using virtually non-invasive tunnel 
contacts. Combined with the large statistics obtained on multiple samples, we can state that the 
evolution of the shape, the period and the magnitude of the current oscillations with reduction of the 
wire cross section cannot be explained by a trivial formation of weak links in the loop electrode. On 
the contrary, the quantum phase slip scenario [21] nicely explains our findings. 
 Supplementary figure legends. 
Supplementary figure-1.  
Tunnel current oscillations in the structure with the uniform loop.  
Tunnel current oscillations IT(Φ/0) in the SISIS tunnel structure with the uniform ring-shaped central 
electrode with diameter 5 μm at two closed voltage bias points. Measurements were made at T = 64 ± 
5 mK. Arrows indicate the directions of the magnetic field sweeps taken at two closed voltage bias 
points. 
 
Supplementary figure-2.  
Tunnel current oscillations in a structure with a loop containing constriction.  
Tunnel current oscillations IT(Φ/0) in the structure of the same dimensions as in Supplementary 
Figure-1, but the central ring electrode contains short constriction (notch). Measurement was made at 
T= 72 ± 5 mK. Arrow indicates direction of the magnetic field sweep. 
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